I. INTRODUCTION
Stability and annihilation of systems containing a positron are two issues of great theoretical and experimental interest, as shown by the growing mass of work done on them, 1 and by the fact that in some cases the existence of these systems has been postulated to explain experimental results. 2 Both problems represent a challenge for the standard methods of quantum chemistry ͑e.g. SCF, CI, CC, MBPT͒ ͑Refs. 3-7͒ that are not able to include electron-positron distances explicitly, hence to correctly reproduce the local behavior of the exact wavefunction. For these systems, the chances to obtain accurate values for binding energy ͑BE͒ and annihilation properties using analytical calculation with explicitly correlated wavefunction are drastically reduced by the difficulty to obtain the values of the integrals needed in the optimization of the trial wavefunction, and by the slow convergence of the wavefunction to the exact one. 8, 9 Another route that has been taken to tackle these problems is represented by density functional theory ͑DFT͒; this approach introduces indirectly correlation between the leptons using ad hoc ''pseudo''-potentials [10] [11] [12] [13] and corrects for the inability to describe the positron-electron cusp condition by means of a pair correlation correction;
12 however this appears more as a heuristic approach rather than something founded on sound theoretical bases.
Many attempts to accurately compute the binding energy for ͓A, Ps͔ complexes (Psϭ͓e ϩ ,e Ϫ ͔), where A is a firstrow atom, have been published, [3] [4] [5] 7, 10, 11, [13] [14] [15] [16] but so far definitive agreement between different theoretical methods has not been achieved.
Quantum Monte Carlo techniques are flexible and powerful methods to solve the Schrödinger equation for small atoms and molecules, even if they contain exotic particles like positrons or muons, [16] [17] [18] [19] [20] [21] [22] [23] [24] or if one is interested in observables different from the energy. 25, 26 Since variational and diffusion Monte Carlo ͑VMC and DMC͒ methods are not plagued by the necessity to compute integrals, any form for a trial wavefunction can be employed to describe the state of these systems. This allows us to use explicitly correlated trial wavefunctions, generally improving the description.
In this work we present a numerical study of the ground and excited states of the complexes ͓A, Ps͔ and of the ground state of the anions A Ϫ , where AϭLi, B, C, O, F, by means of VMC and DMC methods. The aim of this work is to give accurate and reliable energetic quantities, hoping to shed some light, if not to give a definitive answer, on the problem of their stability.
In principle, since it is possible to use trial wavefunctions containing positron-electron distances explicitly, our approach could also allow us to compute the rate of two gamma photons annihilation in these compounds. 27 We plan to explore this possibility in the immediate future.
II. TRIAL WAVE FUNCTION FORM AND MONTE CARLO SIMULATION
In the following a Latin subscript denotes a positron, while a Greek subscript denotes an electron.
In atomic units, the Hamiltonian operator ͑in the BornOppenheimer approximation͒ for any atomic system containing a positron has the form 
between the charged particles ͑i.e. the N electrons, the positron and the fixed nucleus of charge Z), and R is a point in configuration space. In this work we deal only with systems where NϭZϩ1, i.e. with the complexes of an atom and a positronium.
The break-up of these systems in two charged species, the anion and a free positron, is not possible because the Coulomb attraction between the two fragments binds them together. The lowest energy dissociation threshold for this system is given by 28 E thr ϭE A ϩE Ps ϭE A Ϫ 1 4 , ͑3͒
where ͓A, Ps͔ dissociates in two neutral fragments, both in their ground state.
To approximate the wavefunctions of the states having different total angular momentum for the ͓A, Ps͔ systems, we propose to use a trial wavefunction product of a function of the electronic coordinates times a function of the positron coordinates and of the positron-electron distances,
␣,␤ are orbitals and e U(r ) is the electronic correlation factor used by Moskowitz and Schmidt in their works on atoms and ions. 29, 30 In Eq. 4,
where 24,31,27
In this equation f i (r a ) is a function that contains explicitly the dependence on the spatial coordinates of the positron ͑we refer to this as the pre-exponential part of the trial wavefunction͒, k i is a vector of parameters for the ith term of the linear expansion. The last component of this vector was forced to have only positive values for all the terms of the linear combination. This trial wavefunction, which has the correct spin and space symmetry, describes the electron-electron and electron-positron correlation by means of the exponential parts depending on the explicit electron-electron and electron-positron distances. This analytical form allows an accurate description of the correct behavior of the exact wavefunction at the coalescence point for equal and opposite sign charges. Satisfying the cusp condition usually accelerates the convergence of the wavefunction 32 to the exact one, and reduces its complexity for a chosen accuracy. This is useful to reduce the computational cost of the optimization of the parameters in the trial wavefunction, usually quite a heavy task.
To compute the binding energy ͑BE͒
and the positron affinity 33 To obtain FN-DMC energy values for anions we exploited the trial wavefunction optimized by Moskowitz and Schmidt, 30 written as a product of determinants for alpha and beta electrons times a correlation factor.
The chosen form for the trial wavefunction ⌿ T ͓see Eq. 4͔ makes it very difficult, if not impossible, to compute analytically the matrix elements of the Hamiltonian operator of the system. A numerical method must be used to obtain the energy mean value and other observables for a given trial wavefunction. The variational Monte Carlo method 34 is well suited for this goal since it requires only the evaluation of the wavefunction, its gradient, and its Laplacian. Since VMC and other Monte Carlo methods are well described in the literature, 34 we only summarize the main points relevant to this work.
The mean value of a local operator over a given trial wavefunction is computed using
where
Here, ⌿ T 2 (R) is interpreted as a probability distribution and it is sampled using Metropolis or Langevin algorithms. 34 As an explicit example, the expectation value of the Hamiltonian is written as
To optimize the nonlinear parameters in the trial wavefunction we minimized the function
͕R j , jϭ1, N conf ͖ being a set of N conf fixed configurations sampled from ⌿ T 2 , and E r is an approximation to the true value of the energy for the system. This method, proposed by Frost 35 and Conroy, 36 has been described in detail by Umrigar et al. 37 and by Mushinski and Nightingale 38 and has been proved to be much more stable than the optimization of the energy itself.
The optimized trial wavefunctions can be used to compute approximated mean values of the observables of the studied systems and to give upper and lower bounds to their energy. Unfortunately, the mean values strongly depend not only on the analytical form of the function employed, but also on the optimization method used 26 to define the trial wavefunction. In order to obtain the exact ground-state energy and improve the accuracy of the other mean values, the DMC method 39, 34 is employed to simulate the timedependent Schrödinger equation in imaginary time as a diffusion equation having source and sink terms. This method samples the distribution f (R)ϭ⌿ T (R)⌿ 0 (R), where ⌿ 0 (R) is the ground state wavefunction of the system with the same nodal surface of the trial wavefunction if we use the fixed node approximation to sample an antisymmetrized wavefunction. The value of the energy can be computed using the ''mixed estimator''
If the ground state has no nodes or ⌿ T (R) has the correct nodal structure, this equation gives the correct ground state energy; otherwise one obtains an upper bound to it.
III. RESULTS
In this work the ground and excited states energies of ͓A, Ps͔ and A Ϫ systems, where AϭLi, B, C, O, F, were computed by means of VMC and FN-DMC simulations. The two remaining first-row atoms Be and N were not included in this work because they cannot bind an additional electron, and do not appear as possible candidates to bind a Ps system. 5 The VMC energies of atoms, obtained by Moskowitz and Schmidt, 30 and the DMC energies of atoms, obtained by Lüchow and Anderson, 33 are reported in Table I and in  Table II , together with our computed and experimental electron affinities ͑EA͒. All our DMC results for the anions were computed using a time step of 0.001 hartree Ϫ1 , and their accuracy was checked employing smaller time steps and comparing the results, that were found to be in statistical agreement.
To obtain trial wavefunctions for the successive Monte Carlo simulations on ͓A, Ps͔, the parameters of the analytical form of ⌿ T were optimized minimizing 2 (E r ) given by Eq. ͑12͒, with N terms р3 ͓see Eq. ͑5͔͒. During all the optimization processes a set of 5000 configurations in the 3(Nϩ1) dimensional configuration space was used; every three or four optimization steps this ensemble was updated by means of a VMC run. The variational results of the optimized trial wavefunctions for the ͓A, Ps͔ systems are reported in Table  III together with the results of the DMC simulations. These were carried out using the same procedures and checks employed for DMC simulations of anions. In Table IV we report the computed values for BE and PA obtained in this work, together with previously published results. There, ''SCF corrected'' means that the binding energy was computed using the equation
where the experimental value of the electron affinity was used instead of the computed one. This is a conservative estimate 5 since the positron affinity PA SCF , obtained by means of SCF techniques, excludes the contribution of the correlation between electrons and the positron.
Since different approaches and approximations were used in the previous works, it is not meaningful to compare absolute value of the energies; our discussion will be limited to BE's and PA's.
From the results in Table II it is clear that both DMC and VMC are able to predict quite accurate values for EA for first-row atoms, being in error of less than 10% for all the systems. This means that, at least in these cases, DMC and VMC methods both satisfy Schrader's request for a method ''in order to give a credible prediction of positronium affinity,'' 40 differently from methods based on DFT. 41 As the results in Table IV show, DMC gives larger PA and BE than any other method, except for the data published The plot in Fig. 1 of the data in Table IV for the ground states shows that the PA depends only slightly on the atom, being mainly the Coulomb interaction of an anion with a positive charge. As to the BE of the Ps to a neutral atom, its pattern is similar to the one of the EA for all atoms except B, whose BE is less than zero. This outcome might be explained by an inaccurate description of the fragments due to the determinantal part of our trial wavefunction.
Although FN-DMC energies for atoms, anions and positronium-atom complexes are variational, the same is not true for binding energy and positron affinity, and this precludes in some way the possibility to discuss the relative accuracy of the methods. However, due to the increasing number of accurate results that have been published so far using DMC simulations and our experience with this method, we believe that the accuracy of our BE and PA results is similar to the one of the electronic affinity ͑i.e. 2-3 mhartree͒, where the main error is due to the inexact description of the nodal surfaces of the atoms and the anions. Nevertheless, an apparent cancellation of error is shown by the EA results that could be explained on the basis of the similarities between the orbital description of atoms and anions.
The DFT results published in Ref. 13 are quite different from all the other results shown in Table IV , giving rise to the suspect that the correlation potential used in the calculation binds too strongly electrons and positron.
The only DMC results on these systems previously published are the model potential diffusion Monte Carlo ͑MP-DMC͒ simulation by Schrader et al. 16 on ͓F, Ps͔, and the calculations carried out by Yoshida and Miyako, 22 and Harju et al. 19 on the ͓Li, Ps͔. As to the ͓F, Ps͔ system, their binding energy is smaller than our value, and this might be due to the approximate treatment of the core electrons in their simulations. For ͓Li, Ps͔ the situation appears much more unclear; 22 since in both works a determinant was chosen to describe the electronic part of the system, one should expect similar results unless spurious nodes are present. A direct inspection of our trial wavefunction, both in the electronic and positronic part, did not show any nodal surface except for the usual r 1 ϭr 3 and r 2 ϭr 4 that come from the S symmetry of the state and of its orbital description. To solve this matter we are carrying out calculations using more sophisticated trial wavefunctions based on our explicitly correlated ansatz.
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IV. CONCLUSIONS
In this work we have computed accurate energies for A Ϫ and ͓A, Ps͔ systems, where AϭLi, B, C, O, F, using VMC and DMC methods. From these results, positron affinity and positronium binding energy were calculated. Our results appear superior in accuracy than previously published values due to the ability of DMC to recover all the correlation between electrons and the positron. We hope these results will be useful to the experimentalists to gain a better understanding of the energetics in the matter-antimatter interaction, and to the theoreticians to improve the parametrization of the correlation potential in DFT-based methods.
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